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avioral and EEG Changes in Cacs Induced by Prolonged

Stimulation of Amygdala’
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ot -al and EEG changes in cats induced by pralonged stimulation of amyg-

1958.—Social behavior of a colony

of eight cats was recorded by time-lapse photography. A picture was taken
every g seconds for 10 hours daily. Direct observations were also made. Films
wers: analyzed, noting the time spent by cach animal in selected patterns of
behavior. Permanent cerebral electrodes were implanted in 13 cats and dif-
ferent areas sumulated for half a second every 5 seconds for : hour daily
for 1-15 days. This type of prolonged stimulation of amygdala increased
vlayful and contactual activities, modified aggressive and sexual behavior
and produced other somatic, autonomic and behavioral effects. Local electri-
cal activity was also infuenced and seizure-like patterns were persistently
recorded. Both bebavioral and EEG phenomena were reversible {with 2 ex-
ceptions) and reproducible. Similar prolonged siimulaiion of other cerebral
structures (internal capsule, falx cerebri and anterior h}'potklalamus) did vot

produce significant results. ?
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1 £ roLE of amygdaloid nuclei in behav-

i, particularly in emotional and sex-

1 al manifestations, has been repeatedly
describ «d in the literature (1-16). Some au-
thors (:7, 18) have used implanted electrodes
te: stin ulute the amygdala in unanesthetized
animals. The evoked effects included somatic
ond w tonowmnic responses, oral activities, vo-
_ilizat on and will erganized patterns of offen-
sive ind defensive behavior which were
~wsery od during or immediately after electrical
stiraul ion of the brain applied for a few
weeond 5. Lasting increase of food intake in-
duced by electrical stimulation of the lateral
byuwot alamus for 1 hour daily has been re-
rortec by one of us (1g). In the present study
un att :mpt was made to learn whether ar not
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lasting behavioral and or electroencephalo-
graphic changes might be obtained by pro-
longed stimuiation of the amygdaloid complex.
Correlation between behavior and ELG wie
also analyzed. The amygdala was selected
becavse it is conceried with the Integration of
patterns of emotional behavior and because of
its possible role in epiiepiic manifestaiions. The
use of a colony of animals permitted siudy of
social relations. For this purpose, in addition
to conventional methodls, a technique was de-
veloped for time-lapse photographic recordings,
ulterior guantifications and statistical analysis
of selected categories of behavior.

METHODS

Stimulation. Multilead needle electrodes
were permanently implanted within the brain
of 15 male cats. The electrodes were designed,
placed, and the position of each lead deter-
mined according to the technizjue described by
Delgado (20, 21). Bipotar stimulation was ap-
plied with square bidirectional waves of o.2
msec. pulse duration. too ¢ps, intensity from
0.2 to 4.0 ma for 0.5 second every 3 seconds,
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durng ¢ hour digly dor 515 days Ponts with
fosw convalbsive threshold were selected for stim-
adpsted this
dresiold ie evoke anly sight mintor etfects.

EEG Recordings were obtained with i Grass
clectre (‘nl'('p"x‘ﬂn"r'lph from the  unanesthe-
tized, unrestriained animais which were usually
trivciable; UH‘_\' occronat movement artefaets
miterfered with the recordings,

Records of Behavior. The cats were ;,roupc
in o glassfronted cagre, 71y 3 x 3ty fee
males and temales in ratios of 503, 301 or 2:
sometimes two smadl groups were studicd
simultaneously by using a partition in the
cage. Each group had one implanted electrode
ait (IEC), A ume-apse camera took one
picttire every o seconds for 1o hours cach day
fusuilly from 830 aM. 1o 6330 ). Tem-
perature was kept at about 20°C; illumination
was furnished by 24 tluorescent lights (20 w,
white) with a hghtmeier reading of r3. The
room was sound proof. Diet was the ‘synthetic’
Krehl of al. (22) slightly modified.?
Films were analvzed according to differens
patterns of hehavior selected after preliminary
studys ) waltking or standing on all fours.

wlttion, Intensity was helow

2} \g;.,n.:ancnc» evidenced by threatening,
suarling, flattening the ears, pxl()erc\vlmu, fight-
ing position and striking. Aggressiveness was
usaaily defensive, muscle tonus seemed in-
creased, the forelegs were semiflexed and the
cut waiched its opponent intently. 3 Playful
activity, shown by gentle pawing ut anu ts
or by a pretense to fight., Also included intins
category was o quite characteristic pattern
that uppeurcd clearly in the time-lapse hlms:
the animal lay on one ﬂ&nk with fore and hind-
legs extended, the body relaxed and generally
motionless, but it gcutn_\ pawsed (1-3 times in
7 min) any object or w passing cat. ) Con-
tetual aciivity, shown by snithng, iicking,
nuzzling and rubbing. This pualtern may be
regarded ws sexual ictivity: 10 was not only
performed between members of the different
sexes as sexual play or courtship but was
often present as well between males, although
it was sellom scen between anestrus femuales.
Some of the patterns could not be differentiated
from purciy investigatory activity which might

YWe are indebted 1o Do [0 ] Barbonak from the
Dept. of Biochemistsy . Ve University Nutrition
Patwratory, for assistance in this matter,

DELGADO
hive no conpection at ail, however, with sexuad
activity,
frable in the films, bt borderline patterns were
sometimes difficult 1, appraise and more fre-

nuent pictures or additional direet observations
ntight be necessary,

Direct observations and 8 13 davs of re-
cordings were made for cach TEC before,
during, and in some animals, alter stimulation.
Some cats were recorded daily and others
every other day, with EEGs made on alter-
nate days. IEC was removed from the cage
for 1 heur for control or stimulation during
cach 1o0-hour record. This period was chosen
at random for some animals and at a fixed hour
for others, during the first 4 hours of the 10-
hour recording. The timing and arrangement
of colonies varied for different 1ECs but con-
ditions were always as similar as possible
during control and stimulation for each one.

Location of Electrodes. After the study of
cach TEC was completed the animal was killed

under anesthesia and perfused with formahn

Cenen T cactiane o ot e
1080 paralhin eectione of (Lo Lidin were maae
The

and stained by thc Kluever method {23).
needie tracts were microscopicaily examined,

Categories were usually easily identi-

T VSO0 L N VRIS

and since there was

position of each contuct withan the
tract, position of each pomt was
by comparison with the preserved array o
clectrodes. The anatomicad structures involved
included hoth cortical mediad

part of the awimyvedala, antenor byvpothalamuos,

ol the

ciaboulared
L1

aned Basoliuterad

interial
‘—.li\‘. . ('!'1" »ri_

capsule, anterior hippocampus aod

RESULTS

Observations During the 1-Hour Stimula-
tion Period. Severat somatomotor and auto-
nomic responzes were found as the result of
profonged  intermittent stimulition of  the
amygdulotd nucleus. The most common was
insilateral involvement of fucial muscles syn-
ghm'mm with the sumulation bursts: dosing
the eve, lowering the ear, retraction of mouth
and rhythmic movements of upper hp and
nostrils as in snithng. Licking the chops wis a
more integrated pattern often observed and
highly integrated pa'xcrrh also occasionally
developed, such as smeliing the tloor and walls
of the observation box, whivh were assowiated
with fexing and other expiaratary mios cments,
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HEHAVIORAL

Several tmes ats suddenly shifted from a
quict attitude to very active plaviulness, paw-
ing any object available.

Autonomic effects consisted in puptl difata-
von and piloerection: somatomotor effects, in
general, decreased inintensity during the bour
stimulation. \Mterdischarges in most cats ap-
peitred  as rhythmic blinking, opening and
cosing  the mouth  with retraction of the
corners, propulsion of the tongue. plentiful
sadivation, difatation of pupils and cessation of
motor activity, Sometimes, however, the ani-
mal moved around or compuisively tried to
escape. Usually afterdischarges stopped spon-
taneovzly regardless of accompanying inter-
miteeal bursts. They generally lasted from 3
seconds to more than & minute, but sometimes
lasted up to 1o minutes, at which peint the
stimulator was turned off until the epileptic
crisis disappeared.  Afterdischarges began at
unpredictahble times and were observed re-
vardless of the fact that in all animals in-
tensity - of current was  below  convulsive
threshold.

Qualitative Observations During Stimula-
tion Days. Intermitrent electrical stimulation
of amygdala for 1 hour produced in general
an increase of time speut in some activities
and determined the appearance of afterdis-
charges and automatisms. Some  stimuliated
cats persistently tried to cover feces excreted
by other cats, which was never observed in
nonstimulated animals. Some less tractable
animals became gentler after amvgdala acti-
vation, exceot for crises of compulsive he-
havior; in such animals rough handling or
administration  of noxious  stimuli  usually
failed 1o elicit the previously obrerved anger
reactions,

Several times male cats were observed
crouching like estrus females but raising of
the pelvis, turning the il to one side and
treading were not so conspicious as in the
female. Occasionally the electrically  stimu-
Lated maldes were clamped by other males and
two animals were repeatedly Gwounted, al-
though homosexual mounting was most un-
cemmon among normal cats in our exper-
ments.

Motor afterdischarges, like those of the
stimulation  period, were frequently seen
imme:biately  and ‘or several minutes after
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" Increments and  decrements were obtained by
subtracting the mean ‘or the control period from the
corresponding mean of the stimulation period, Sig
nificance was calculated by ranking procedures (24,
25} and P < o.05 is indivated in italics

T Other stimubated structures were internai capsntd
Gats & and g2 dads cerelin gy g
thalamus teads 15, 0o and 1=
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stimulation was stopped. Oocasionally atier
discharges were chzerved G0 miervals durning
the day or for several davs ufter the stimula
ten period. The seizures developed o few
hours after stimulation, were shotier in dura-
tion and were discrete: slight blinking, dilara-
tion of pupils and movemenis of nostrils aod
upper lip with no sabvation. Occastonally
catatonic stances ocenrred, tasting as long o
35 seconds. When the animal was returned 1o
the volony with afterdischarges still present,
it was examined and sniffed thoroughiy by
the other cuts. The stimulated cat asually did
now respond in any way but remained stand-
ing or seated, moving its head slowly from one
side to the other, obviously disoriented. Ohoca-
sionally animals in this state walked back and
forth through the colony, semetimes provok-
ing rage among the other cats and heing
struck at without responding. At other times
the stimulated cat would attack wirthout jomd
oriecntation, Outside the coleny the aninal in
this state showed compulsive behavior; an
apparently and otherwise peaceful car might
jump off the observation table or ~truggle
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REHAVIORAL AND EEG CHANGES

showed reversible effoers for playful activity,
thus wllowing for a second trial which, how-
ever, clicited the fatal epileptic crisis de-
scribed. No other cats were studied in connec-
tion with reversibility of quantified hehavioral
changes,

Electroencephalographic Activity. Spontane-
ous clectrical activity in unanesthetized ani-
mals shows patterns which can be repeated
with similur tharacteristics on different days
t20) An example is given in figure 14, where
activity nf pyriform cortex, basolateral ainyg-
dala, globus pallidus and putamen was re-
corded in both sides of the brain. Regular
fast activity with amplitude zbout 50 pv
mixed with some slower frequencies was often
observed in amvgdala.

Intermittent electrical stimulation of amyg-
dala for one hour as deseribed in METHODS
cvoked fusting changes in the electrival activ-
iy of the brain. A few minutes after the -
hour period of bipolas stimulation the activity
appeared rather disorganized in both sides,
with slow swings of frequency about 1-2/sec.
and amplitude of 300 uv, more prominent in
the stimulated side (fig. 15). A typical feature
wus the appéarance in the stimulated points
of repeated buists of about 25 cps above 100
wv, each lasting for 200-250 msec. This effect
fusted a few hours in some animals and up to
3 days in others. Oue day after stimulation
isolated but frequent (e.g., 4-—10/sec.) spikes
or spikes and waves alternated with repetitive
spiking (2-s/sec.) and wiili short bursts of
high voltage spiky activity, as shown in figure
1C. Sometimes a burst of spikes lasting several
seconds ~uas evoked by auditory stimulation
such as clapping hands. Contralateral to the
stimulation electrical activity was depressed
and propagation of spikes was rarely observed.
During ihe recordings in figure 1(’ the cat did
not seem disturbed, no automatisins were
present and the animal behaved as usual.
However, at other times motor afterdischarges
were observed. In several cats, such as cat 28,
it was possible to record the cerebral electrical
activity during motor (face) and autonomic
(salivation, pupillary dilatation) afterdis-
charges and one example is given in hgure 2,
where the described effects appeared at the
arrow, when a well organized spike and wave
activity was recorded in all leads. In other
animals automatisms were concomitant with
high voltage (about 1 mv} spikes and waves
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Fic. 1. Inagram shows the location of both needie
tracts in col ;3. The leads were i pyriform cortex,
amygdala, globus pallidus and putamen. A4 Spontane-
ous electrical activity befors anv atimadation was
applied. B. Electrical activity a few minutes after 1 hr.
intermittent stimulation. ¢ Ce day alter stimulation
patterns were paroxysmal, gppearing more or less regu-
larly. D. Three days after stimulation the pattern
appeared normal. Later, not shown in figure. another
hour stimulation was administered and similar changes
in EEG were obsesved.
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Fr. 2, Development of spike and wave activity in eal 24 during the 3rd day of stimulation. At the arrow

motar and autonomic manifestations appeared. The high

frequency bursts hefore the aremte appeared at variable

times without metor an- autonomic mapifestations or automaiisme,

which were repeated ahout once every 2 sec-
onds. At variable times, usualiy 4-8 daye after
stimulation, afterdischarges disappeared, as
shown in tigure 1D. However, electrical ac-
tivity could have some differences as com-
pared with the control period, as'is shown in
this figure by the slowing down in linkages
LTNDL 1 20

Pathology. Microscopic study of the brain
revealed a destruction along the needle tract
withou! neural elements but with polymor-
phonuclear cells, capillary proliferation and
collagen tissue. Around the tract there was a
rather delimited capsule with abundant fibro-
blusts, collagen tissue and some neuroglia and
mirroglin celis, The size of the tract varied,
the usual diameter being about 1 mm. Bevond
the capsule neurons appeared well preserved
in general. Histological study of the points
whivh were repeatedly clectrically stimulated
did not reveal any speciai characteristics, nor
could anv difference be ohserved between
stimulated and nonstimulated sides of the
brain. Needle tracts of two animals which, as
aoresult of stimulation had continued scizure
ar Gvityo were stologically similar to the rest
ol e aroup. Ineffect, in out experiments pro-
longed clecorical stimaiation of same points of
the brain did not produce observable histo-
logienl changes,

DISEURSTON

[ agreement with previous investigations
PR, 1718, 201 aovariety of soniatic, autonomic
s behaviora] effects were evoked in our
studies of clecineal stimudation of the amyg-
Jdalie U the superior points of this region close
to putamen effects were usualiv contratateral,
while in lower stnctures the effects were more
often apsilaterad. In <ome cars points i the
amvedain close to the pyriform eorex fatled
tooevoke the apsilateral movements observed
Ly snimiation of more ::n';x-rinr structures,
Phic groites acamst oo \’pn‘;u[ of current 1o

cranial nerves which would cause ipsilateral
affects, as does the fact that some of the motor
afterdischarges, present after cessation of
stimulation, were ipsilateral.

It should be emphasized that motor after-
discharges result from prolonged stimulation
using intensities below seizure threshold. This
indicates a long temporal summation at the
initiation of the localized motor seizures be-
cause the half second of stimulation was
spaced every 414 seconds, as explained in
MeTHODS. The afterdischarges usuaily stopped
in spite of the persistence of the intermittent
stimulation, which indicates a limiing factor
in the tempora! summation and the independ-
ence of the mechsnism responsible for the
termination of the afterdischarges,

As shown by direct observation, prolonged
stimulation of the amygdaloid nucleus could
increase or decrease the aggressive behavior of
the same cat; it would seem, therefore, that
positive and negative influences upon aggres-
siveness exist in different points of the amyg-
daloid complex, a possibility - that would
explain some of the contradictory results in
the literature (2. g) and needs further experi-
mental confirmation.

Recording of behavior by time-lapse pho-
tography and its quantification by counting
the number of pictures in which a particular
vategory of behavior is present offers the ad-
vantage of objectivity of results, the possibility
of staristical treatment of figures and allows
study of various tvpes of hehavior simuitane-
ously in several animals. One limitation of the
method s that zome caterories are dithcult 1o
ilentify in ine Olms. Play, for example, mav
be confused with fighting and more frequent
pictares, ot additional direct observations
sometimes are necessary. The time spent in
analesies depends upon the aim of the nvesti-
vator. An Shaur fdm mayv be scanned in o few
minutes 1o learn the relationship between
sleep and wakefviness, bus it rakes many
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hours to assemble detailed data on behavior,
A cenitival study of the methad will be made
clsewhere (273 in the present paper we pre-
sent its application to the study of the effevts
of amvgdala stimulation upon group behavior,
Increase in playful behavior was statistically
significant during the days of brain stimula-
tion; it was reversible and could be duplicated.
It should be remembered that phetographic
recordings were always made of the whole
colony and the TEC was removed from the
gronn for brain stimulation, so that we were
not recording the direct results of cerebral
stimulation but only the effects which out-
lasted the stimulation period. Play is & sup-
posedly highly integrated type of behavior; its
pattern, as shown by the study of films and
in supplementary direct observation of the
colony, did not appear to be modified by
amyvgdala stimulation, but the time spent in
this activity was increased. Modification of
other tvpes of behavior was less clear, but
contactual activity also seemed to be increased
by stimulation of the amygdala.

In our experiments gualitative and quanti-
tative modifications of behavior showed corre-
lation with local disturbances of electrical
activity of the amygdaloid region. Behavioral
and  electroencephalographic changes lasted
for bours or davs after the stimulatinon period:
with the two exceptions noted. both were re-
versible and couid he duplicated. Compulsive
hehavior developed occasionally and ir general
the modification of Liehavior was only quanti-
tative, with  social  activities  appearing
qualitatively normal. Our results agree with
the correlation hetween setzure activity and
hehavioral somatic and autonomic changes
evoked by stimuiatinn of the amvgdaloid
complex as deseribwd by Naquet in Gastaut's
faboratories (23}

The potential danger of electrical <timuia-
tion of amvdala and the epileptogenic active
ty of the aren were demonstritad by the two

cats onowhich the evoked seizures

fasted for
hones i one case and for 22 dave in the other,
and whis h were probably the Cause of death,
Ihit the desermining factor of the effects
observed was not the inury peodueed by the
clecrrodes but the olectrial <timulation, was
demonsinned by the following facss o1 ele -
tricad ~timulation A as Sine o non i iterng
FEG and behanviers b eferts were peversible

e et ane r(‘;v.ﬂw!(lw Hle IEEEE RN

not possible 1o establish any corres uon -
tween the degree of the effects and extent of
the histological reaction; o} there were no his-
totogical differences between stimulated and
nonstimulated points, or between stimulated
and nonstimlated cats which died in epileptic

status. Whether or not injury cooperated i

he development of the effects cannot be de-

cided without further investigation.
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